The sequence of Rift Valley fever virus L segment that we published in a previous paper was erroneous in the 3'-terminal region of the anfigenomic RNA molecule. Here, we have shown that the L segment is in fact 6404 nucleotides long and encodes a polypeptide of 237.7K in the viral complementary sense. Sequence comparisons performed between the RNA-dependent RNA polymerases of 22 negative-stranded RNA viruses revealed the existence of two novel regions located at the amino termini of the proteins and conserved only in the polymerases of bunya-and arenaviruses. In the region conserved in all RNA-dependent polymerases, cor-responding to the so-called 'polymerase module', we identified a new motif, designated premotif A, common to all RNA-dependent polymerases, as well as amino acids located in the region between motifs preA and A which are strictly conserved for segmented negativestranded RNA viruses. Using the recently released coordinates of human immunodeficiency virus reverse transcriptase and the alignment between all RNAdependent polymerases in the 'polymerase module ', we have determined the position of the conserved residues in these polymerases and discuss their possible functions in light of the available structural information. 0001-2250 © 1994 SGM XIONG, Y. & EICKBUSH, T.H. (1990). Origin and evolution of retroelements based upon their reverse transcriptase sequences.
Introduction
Rift Valley fever virus (RVFV) is a member of the Bunyaviridae, genus Phlebovirus. It has an ssRNA genome consisting of three segments, designated L (large), M (medium) and S (small). Each of the three RNA segments forms a ribonucleoprotein complex (RNP) in which the respective RNA is associated with the nucleocapsid protein (N) and the polymerase (L protein). The RNPs are packaged into spherical enveloped particles (for reviews, see Elliott, t990; Bouloy, 1991) .
The M and S segments have been sequenced (Collett et al., 1985; Giorgi et al., 1991) . To determine the complete genome organization of RVFV, we cloned and sequenced the L segment (Mtiller et al., 1991) . However, the data we initially published were partially incorrect and erroneous from nucleotide (nt) 6015 to the 3' end (nt 6404) of the viral complementary sense molecule. The sequence of this region was originally established from a recombinant phage/plasmid which was identified by the usual criteria
The corrected nucleotide sequence has been deposited in the EMBL library under the accession number X56464.
of selection but turned out to be unstable. This led us to reconsider the data and reclone and sequence the 3'terminal region.
Sequence comparisons between various polymerases of non-segmented negative-stranded RNA viruses recently regrouped within the order Mononegavirales, have been reported (Poch et al., 1989 . Four conserved RNA-dependent RNA polymerase motifs, designated A, B, C and D, have been described, which are also conserved within all RNA-dependent polymerases of eukaryotes and transcriptional elements. These motifs define the so-called 'polymerase module' (Delarue et al., 1990) , two of them also being present in all monomeric DNA-dependent polymerases.
In the last 2 years, a sufficient number of L segment sequences of segmented negative-stranded RNA viruses have become available to carry out meaningful multiple sequence comparisons. In particular, conservation profiles can help to identify important regions. When the L proteins of two phleboviruses, RVFV and Uukuniemi virus (UukV), were compared, it was demonstrated that these proteins are highly conserved (58 %) throughout their whole sequence, and in particular in their central core which contains the four conserved polymerase motifs . It was also shown that the L protein of different bunyaviruses and the PB1 protein of orthomyxoviruses exhibit a high degree of conservation with regard to these motifs (Elliott, 1989; de Haan et al., 1991) . However, except for the four polymerase motifs, no further homology has been reported in the rest of the molecule. We have identified two N-terminal regions which are conserved within the L proteins of arena-and bunyaviruses. We have also found homologies between the polymerase sequences of RVFV and 21 other negative-stranded RNA viruses. In the region of the polymerase module, we defined a new motif designated ' premotif A', located just upstream from motif A, which is present in all RNA-dependent polymerases. We identified also, downstream from motif D, a sequence strictly conserved in segmented negative-stranded RNA viruses.
Recently, the three-dimensional structure of an RNAdependent DNA polymerase was reported (Kohlstaedt et al., 1992; Jacobo-Molina et al., 1993) . This provides a structural description of the 'polymerase module' with its four motifs, some of which (A and C) are observed also in the structure of the Klenow fragment of DNAdependent DNA polymerase I from Escherichia coli (Ollis et al,, 1985) and in the T7 DNA-dependent RNA polymerase (Sousa et al., 1993) as predicted from sequence comparisons (Delarue et al., 1990) . We have used this structural framework to locate the strictly conserved residues identified in the RNA-dependent RNA polymerases from negative-stranded RNA viruses and discuss their functional role.
Methods
Purification of virus and virion RNA. The MP 12 attenuated strain of RVFV was propagated in VC10 Veto cells. The extracellular viral particles present in the culture supernatant were harvested at 68 to 72 h post-infection. After polyethyleneglycol precipitation, the virus was centrifuged at 4 °C in a continuous 15 to 70% sucrose gradient at 32000 r.p.m, for 16 h in a SW41 rotor. The opalescent virus band was collected and diluted in a buffer containing 0-1 M-Tris-HC1 pH 90, 1.5% SDS and 2 mM-EDTA and phenol-extracted. Virion RNA was recovered by ethanol precipitation.
cDNA synthesis and cloning. The first L RNA cDNA clone (nt 1 to 1890) was selected from the same 2 phage library that was used for cloning the RVFV (MP12) S segment (Giorgi et al., 1991) . A second cDNA library was established in bacteriophage ,igt 10 using an internal L segment-specific oligodeoxynucleotide, the sequence of which was selected from the first L-specific clone and represented nt 1810 to 1828. Syntheses of cDNA and cloning were carried out according to the supplier's recommendations (Amersham). The specificity of all the cDNA inserts was tested by Northern blotting to the isolated viral RNA. After screening, the L-specific 2gtl0 clones were subcloned into the plasmid vector Bluescript KS+ (Stratagene). The nucleotide sequence was then determined by dideoxynucleotide chain termination sequencing (Sanger et al., 1977) .
Specific amplification and cloning of the 5"-terminal region. Two independent cDNAs were synthesized from the virion RNA after priming with oligodeoxynucleotides which hybridized at positions 5217 to 5235 (oligo 1) or 5901 to 5919 (oligo 2). After addition of an oligo(dG) tail at the 3' end of the cDNA using terminal transferase (Boehringer) and purification through a G-50 spun column (Boehringer), the tailed cDNA was amplified by PCR using the Vent polymerase (New England Biolabs) and, as primers, the internal oligo 1 or 2 and the oligonucleotide dC14TGTGTTTG ( Fig. 1 b) . The latter contains a stretch of 14 dC residues followed by the terminal viral octamer consensus sequence (M tiller et al., 1991) . This oligonucleotide hybridizes to the oligo(dG)-tailed cDNA representing the 5' end sequence of the viral L RNA.
Sequence comparisons. All the sequences of minus-stranded RNA viruses were taken from the latest release of the GenBank and EMBL nucleotide sequence databases and the protein sequence database Swissprot distributed in version 7.2 of the GCG package (Devereux et al., 1984) . The L sequence of RVFV is deposited at the EMBL library under accession number X56464. Abbreviations are: LCMV, lymphocytic choriomeningitis virus; TacV, Tacaribe virus; NEV, nephropathia epidemica virus; HanV, Hantaan virus; BunV, Bunyamwera virus; TSWV, tomato spotted wilt virus.
The eight L protein sequences from segmented negative-stranded RNA viruses were first aligned pairwise using the algorithm of Wilbur & Lipman (1983) . The alignments were then manually adjusted employing the constraint of matching conservative residues. We used five groups of amino acids, with the main criteria being charge, size, polarity and hydrophobicity. The groups were: (P, G, S, T), (A, l, L, M, V, F, Y, W), (D, E, N, Q), (K, R, H) and (C). The results obtained by the pairwise sequence comparisons were compared to those obtained with the multiple sequence alignment program of the Pileup program from the GCG package (Feng & Doolittle, 1987) which involves a progressive pairwise sequence alignment. Both results were taken into account in the final alignment. The conservatively maintained amino acid residues among the eight L proteins were identified using the program 'Distances' of the GCG package (Devereux et al., 1984) with the same amino acid groups as indicated above.
Secondary and tertiary structure of the model. All coordinates and secondary structure limits were taken from Jacobo- Molina et al. (1993) and the corresponding file was deposited in the Protein Data Base in Brookhaven, Miss., U.S.A. (accession name 1HMI).
Results and Discussion

Cloning and sequencing of the L segment
The sequence of the RVFV L segment published previously by us (Mfiller et al., 1991) was determined by sequencing three overlapping cDNAs cloned into the genome of bacteriophage 2gtl0. Clone 2L-1 contains the 5' extremity of the L segment in the viral complementary sense and represents nt 1 to 1890, including the phlebovirus-specific consensus end octamer sequence (5')ACACAAAG. Clones 2L-2 and 2L-3 represent nt 1891 to 6015 and nt 4100 to 6606, respectively. These clones were selected by the usual criteria: (i) they hybridized with the viral L RNA by Northern blotting, (ii) the inserts overlapped and (iii) the 5' and 3" termini of the L segment contained the expected phlebovirusspecific consensus sequence. The sequence did not evoke any suspicion until recently, when two observations led us to reconsider the data. First, except for a few growth cycles, phage 2L-3, as well as the bacteria harbouring the Fig. h Alignment of the arena-and bunyavirus L proteins in regions 1 and 2. Region 1 is centred around the strictly conserved residues PD at positions 88 and 89 (numbers above) and region 2 around the strictly conserved RY at positions 23 and 24. These two regions are linked by variable sequences, the sizes of which are indicated within brackets. Numbers above the aligned sequences are indicated to facilitate the positioning. Numbers at the termini of each sequence indicate the position of the first and last amino acid displayed. Amino acids conserved in more than six out of eight sequences are shown in bold and are underlined. Those which are functionally conserved are marked with a ring (C)). Gaps introduced to optimize the alignments are represented by dots.
insert, could not be propagated further and appeared to be unstable. Secondly, several attempts to amplify the cDNA corresponding to this 3' region by PCR, using virion RNA and primers the sequences of which were derived from 2L-3, were unsuccessful. All these findings prompted us to reclone the 3' region of the viral complementary sense strand. Two independent cDNAs were synthesized using as primers either oligo 1 or oligo 2 (see Methods) and, after dG-tailing, they were amplified using oligo(dC) and the same primer which was used for cDNA synthesis. Both PCR products were some 200 nt shorter than expected when compared to the previously published L sequence. After cloning and sequencing each product, we demonstrated that the sequences of both were identical but differed from the one previously published in the region located from position 6014 to the 3' end. The erroneous sequence started exactly at the 3' end of 2L-2.
The L segment and its L protein
According to the corrected sequence, the RVFV (M 12) L segment consists of 6404 nt and contains a single open reading frame (ORF) of 6275 nt in the viral complementary sense, coding for a protein of 237-7K. The non-coding regions at the 5' end and 3' end (viral complementary sense) comprise 18 nt and 109 nt respectively. They consist of inverted complementary sequences which can form strong panhandle structures. The first translational start codon (position 19) is followed by two additional in-frame ATG codons (positions 97 and 136). The first and the third ATG codons are present in an optimal context for translational initiation (Kozak, 1986 (Kozak, , 1987 . The first translational termination signal appears at position 6295 and is followed by four additional in-phase stop codons at positions 6304, 6339, 6364 and 6370. No ORF of significant size was identified in the viral sense RNA, i.e. the L RNA does not appear to have an ambisense coding strategy.
Sequence comparisons
Pairwise sequence comparisons were then performed between the deduced amino acid sequence of the RVFV L protein and the L protein sequences of seven other bunya-and arenaviruses. The comparisons reveal a strong similarity over most of the length of the L proteins of RVFV and UukV (38% and 58% of strictly and conservatively maintained residues, respectively), confirming the results reported by Elliott et al. (1992) .
Three main regions which will be described in the following paragraphs were found to be strongly conserved in all the L proteins studied. Regions 1 and 2 are located at the N terminus and region 3 in the centre of the protein. The carboxy terminus is the least conserved region.
Sequence analysis of regions 1 and 2
As shown in Fig. 1, regions 1 and 2 Gaps introduced to optimize the alignments are represented by dots. Conserved amino acid residues which are also maintained for polymerases other than those of negative-stranded RNA viruses are boxed. Residues strictly conserved for negative-stranded RNA virus polymerases are shown in bold and are underlined. Those which are specifically conserved for the non-segmented or for the segmented viruses are underlined. The amino acid sequence of HIV-l reverse transcriptase of comparable length (from 429 to 491 residues) with the notable exception of the L protein of TSWV (634 residues). In each region, stretches of conserved residues are centred around a strictly conserved dipeptide (the dipeptide PD for region 1 and RY for region 2). When the analysis was extended to the polymerases of myxoviruses and non-segmented negative-stranded viruses, we did not find any significant conservation in this region.
Sequence analysis of region 3
The third region conserved between the L proteins of the eight bunya-and arenaviruses (Fig. 2) contains the four conserved blocks (motifs A, B, C and D), defining the socalled polymerase module, which are present in all the RNA-dependent polymerases so far analysed, ranging from the RNA-dependent DNA polymerases encoded by retroid elements to the RNA-dependent RNA polymerases encoded by the plus-, minus-and double stranded RNA viruses (Poch et al., 1989; Xiong & Eickbush, 1990) . As shown in Fig. 2 , extensive sequence homology exists in the polymerase module of the eight bunya-and arenavirus polymerases as well as in the 14 available sequences of the RNA-dependent RNA polymerases of other segmented and non-segmented negativestranded RNA viruses. The critical role of some of the residues conserved in these motifs has been tested by sitedirected mutagenesis of the L protein of Bunyamwera virus (Jin & Elliott, 1991 . Mutagenesis of the invariant Asp in motif A or Asp-l165 and Ser-l163 in motif C of the transcriptase of this virus abolished the polymerase activity. Interestingly, changing the Ser-Asp-Asp triplet of motif C, conserved in segmented negativestranded RNA viruses, to the Gly-Asp-Asn triplet characteristic of the non-segmented negative-stranded viruses, also abolished activity.
In addition to the four motifs, this analysis revealed the existence of a fifth motif, located upstream from motif A and called 'premotif A' which contains three strictly conserved basic residues (Fig. 2) . The occurrence of sequence conservation upstream from motif A has already been noted by Xiong & Eickbush (1990) in the RNA-dependent polymerases encoded by retroid elements and positive-stranded RNA viruses but has never been described for negative-stranded RNA viruses; the three basic residues [boxed in the human immuno-deficiency virus type 1 (HIV-1) sequence shown in Fig. 2 ] were highly conserved in 97 aligned RNA-dependent polymerase sequences. As shown in Fig. 2 , premotif A of the negative-stranded RNA virus polymerases can be aligned with the region preserved in the RNA-dependent polymerases encoded by retroid elements and positivestranded RNA viruses (Xiong & Eickbush, 1990 ). In addition, the distances between the three basic residues are preserved. This observation suggests that premotif A is present in all the RNA-dependent polymerases and therefore must be considered as an important structural element of the RNA-dependent polymerase module in addition to motifs A, B, C and D. Between premotif A and motif A, we detected two additional strictly conserved residues, a glutamic acid and a lysine residue (Fig. 2) . They are specific for RNA-dependent RNA polymerases of both segmented and non-segmented negative-stranded RNA viruses since similar residues were not observed between premotif A and motif A in the polymerases aligned by Xiong & Eickbush (1990) .
An additional motif called motif E, containing the tetrapeptide E(F/Y)XS and located downstream from motif D, is conserved in segmented negative-stranded RNA virus polymerases. A conserved motif also located downstream from motif D has been described for reverse transcriptases of various origins (Poch et al., 1989) . Although the strictly conserved glycine residue present in motif E of the reverse transcriptases is absent from the negative-stranded RNA virus polymerases, we align motif E with the tetrapeptide E(F/Y)XS because they are in the same location compared to motif D and the sequence is strongly conserved in segmented negativestranded RNA virus polymerases.
Structural and functional implications
Recently, the three-dimensional structure of the RNAdependent DNA polymerase of HIV-1 was reported, assigning to A, C and perhaps D the function of nucleoside triphosphate binding and catalysis, and to B and E the positioning of the template and/or primer relative to the active site (Kohlstaedt et al., 1992; Jacobo-Molina et al., 1993) . Placing the strictly conserved residues determined by alignments of primary sequences in the three-dimensional context can help to elucidate their structural roles. Based on the alignment presented in Fig. 2 , which includes HIV polymerase and is also aligned to the negative-stranded RNA virus polymerases, based on conservation of the 'polymerase module' (Delarue et al., 1990) . The secondary structure elements (HIV-1 SStr) derived from the three-dimensional structure (Jacobo-Moliua et al., 1993) 1993) , is also represented : the newly synthesized strand is grey, and the template strand is black. The template strand must be imagined to have a normal helical conformation with a 5' extension longer than the one shown here, so that it is in contact with conserved residues of premotif A. Strictly conserved residues are represented by CPK spheres, centred on their Ca coordinates, with the following colour code: grey for residues thought to be involved in the stabilization of the newly synthesized strand (residue G231 of motif E); black for residues thought to interact with the template strand (K65, R72, K82 and E89 of premotif A and G152 of motif B); white for catalytic residues (D110 of motif A, D185 and D 186 of motif C and K220 of motif D). Strictly conserved residues are numbered and indicated using the normal single-letter code, either inside (for a catalytic residue) or outside (otherwise) the CPK sphere. Only the domain with polymerase activity (residues 1 to 315) is represented.
represents only a portion of the multi-alignment of all RNA-dependent polymerases documented elsewhere (Poch et al., 1989 Xiong & Eickbush, 1990) , it is possible to transfer the structural information from HIV-1 reverse transcriptase to the negative-stranded RNA virus polymerase family. This is justified by the experimentally observed correlation between the degree of homology in related proteins and the root mean square deviation of their Ca coordinates (Chothia & Lesk, 1986) as well as by the fact that structures of more distantly related proteins such as the Klenow fragment (a DNAdependent DNA polymerase) and the T7 RNA polymerase (a DNA-dependent RNA polymerase) place their strictly conserved residues of motifs A and C at the same position as those observed in reverse transcriptase (an RNA-dependent DNA polymerase). Fig. 3 represents the three-dimensional structure of the polymerase module of HIV-1 reverse transcriptase, in which we have located the strictly conserved residues of the motifs.
As suggested in a previous paper (Delarue et al., 1990) , motifs A and C are part of the catalytic site of the polymerase enzyme, with the two strictly conserved residues of each motif, Asp-ll0 and Asp-185 close to each other: Asp-110 and Asp-185 and 4-2 A apart, one at the end of strand 6 and the other at the turn between strands 10 and 11, followed immediately by another important acidic residue. It is postulated that these residues interact to bind at least one metal ion, which in turn could bind a phosphate group. A catalytic mechanism based on at least two metal ions and recently described by Beese & Steitz (1991) for the exonuclease domain of the Klenow fragment has also been suggested to be relevant for the polymerase activity of this enzyme (Beese & Steitz, 1991; Steitz, 1993) .
The strictly conserved lysine residue of motif D (Lys-220) is also thought to be catalytic because of its close location (less than 6 A) to the aspartate residue (Asp-110) of motif A (all distances are calculated between Ca coordinates, which are the only ones available).
The first two positively charged and conserved residues of premotif A, Lys-65 and Arg-72 appear to be part of the 'finger' domain (using the terminology of Steitz et al.), pointing toward the canyon into which the RNA template binds; they are therefore good candidates to aid its positioning and binding. The third strictly conserved (and positively charged) residue of premotif A, Lys-82 is actually in the vicinity of the active site, close to the template strand, which is part of a double helix formed with the newly synthesized strand (see Fig. 3 ). In this motif, the three strictly conserved basic residues are maintained at the sequence level in the same environment. At the three-dimensional level these basic residues can be considered as part of the 'polymerase module'.
The RNA molecules composing the genome of the segmented negative-stranded RNA viruses form panhandle structures which join their 3' and 5' extremities by base pairing (Pardigon et al., 1982; Hsu, 1987; Raju & Kolakofsky, 1989) . Transcriptase engages transcription and replication precisely at the 3' end of the RNA template. It is thought that the panhandles are important for template recognition by the viral polymerase and/or the association of the polymerase with the nucleoprotein. The conserved residues between premotif A and motif A might be important for the recognition of such panhandle structures.
Motif B is common to all RNA-dependent polymerases but is absent from DNA-dependent polymerases, where it is replaced by an alternative well conserved motif, B' (Delarue et al., 1990) . Motifs B and B' have no sequence homology and different secondary structure elements. This was observed in both the Klenow fragment and the T7 DNA-dependent polymerase structures (Ollis et al., 1985; Sousa et at., 1993) . It is noteworthy that the position occupied by the strictly conserved residue of motif B, Gly-152 in HIV-1 reverse transcriptase, is only 3 A away from the position of the Tyr residue strictly conserved in motif B' (KxxxxxxYG) of DNA-dependent DNA polymerases, once the catalytic Asp residues of the two structures have been superimposed. The strictly conserved Gly-152 residue of motif B, located at the end of helix B, is in proximity to the template strand ( Fig. 3 ), suggesting that the function of motif B is to bind the template. Fig. 3 shows the location of the conserved Gly-231 of motif E of HIV-1 reverse transcriptase. If one admits the assignment of motif E to the tetrapeptide E(F/Y)XS conserved in the segmented negative-stranded virus polymerases (Fig. 2) , these residues are positioned in a favourable place to bind the newly synthesized strand, or the primer.
The segmented negative-stranded RNA viruses distinguish themselves from the non-segmented by the use of cell-derived capped primers to initiate transcription (reviewed in Krug, 1981; Krug et al., 1987) . It can be speculated that the conserved motif E(F/Y)XS is involved in the specific transcriptional initiation with cell-derived capped prinaers. The available threedimensional information described here points to a role of this peptide in primer binding. The cap-snatching mechanism implies that the transcriptase complex possesses a cap binding and an endonuclease activity. Both activities are associated with PB2 of influenza virus (Krug et at., 1987) but no significant homology was detected between this protein and the L proteins of bunya-and arenaviruses that are assumed to be multifunctional.
To date, no three-dimensional structure based on crystallographic data is available for RNA-dependent RNA polymerases. The results described here might be useful for designing site-directed mutagenesis experiments to characterize this family of enzymes further.
